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Abstract 
This study investigated the accuracy and reproducibility ofa computer-aided method for quantification ofin- 
travascular ultrasound. The computer analysis system was developed on an IBM compatible PC/AT 
equipped with a framegrabber. The quantitative assessment of lumen area, lesion area and percent area ob- 
struction was performed by tracing the boundaries of the free lumen and original umen. 
Accuracy of the analysis ystem was tested in a phantom study. Echographic measurements of lumen and 
lesion area derived from 16 arterial specimens were compared with data obtained by histology. The differ- 
ences in lesion area measurements between histology and ultrasound were minimal (mean _+ SD: - 0.27 + 
1.79 mm 2, p > 0.05). Lumen area measurements from histology were significantly smaller than those with ul- 
trasound ue to mechanical deformation of histologic specimens ( -  5.38 + 5.09 mm 2, p < 0.05). For com- 
parison with angiography, 18 ultrasound cross-sections were obtained in vivo from 8 healthy peripheral arter- 
ies. Luminal areas obtained by angiography were similar to those by ultrasound ( -  0.52 + 5.15 mm 2, p > 
0.05). Finally, intra- and interobserver variability of our quantitative method was evaluated inmeasurements 
of 100 in vivo ultrasound images. The results howed that variations in lumen area measurements were low 
(5 %) whereas variations in lesion area and percent area obstruction were relatively high (13 %, 10%, respec- 
tively). 
Results of this study indicate that our quantitative method provides accurate and reproducible mea- 
surements of lumen and lesion area. Thus, intravascular ultrasound can be used for clinical investigation, in- 
cluding assessment of vascular stenosis and evaluation of therapeutic ntervention. 
Introduction 
Intravascular ultrasound imaging is a new tech- 
nique providing real-time, cross-sectional, high 
resolution images of the arterial wall. The capa- 
bility to obtain absolute measurements of arterial 
cross-sectional dimensions, uch as lumen area and 
lesion thickness, makes this tomographic tech- 
nique more suitable for quantitative assessment of
the extent and severity of arterial atherosclerotic 
diseases [1-2]. Several studies have demonstrated 
the feasibility of intravascular ultrasound in qual- 
itative as well as quantitative assessment of vascu- 
lar stenosis, and its potential clinical application to 
evaluate intravascular intervention [3-5]. How- 
ever, extensive study is still necessary to determine 
the adequacy of quantitative analysis regarding ob- 
server variations in measurements and possible r- 
ror sources in the imaging mechanism. A computer 
analysis system has been developed in our lab- 
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Fig. 1. Configuration of the computer analysis system. 
oratory to provide quantitative analysis of intra- 
vascular ultrasound images. The purpose of this 
study was to validate the accuracy and reproduc- 
ibility of the computerized method for quantifica- 
tion of intravascular ultrasound through in vitro 
and in vivo studies of both normal and diseased ar- 
teries. 
Four steps were followed: 1) accuracy of the 
analysis ystem was evaluated in a phantom study; 
2) lumen and lesion area measurements from in vit- 
ro echograms ofarterial specimens were compared 
with those from histology; 3) lumen areas obtained 
from in vivo studies of normal peripheral arteries 
were compared with data from standard angiogra- 
phy; 4) intra- and interobserver variability in mea- 
surements of lumen area, lesion area and percent 
area obstruction was studied using images from 
current clinical trials of intravascular ultrasound in
diseased peripheral arteries. 
Methods  
Intravascular ultrasound system 
The intravascular ultrasound imaging system (Du- 
Med, Rotterdam, The Netherlands) comprises a
32 MHz single-element transducer mounted on the 
tip of a 5F catheter and rotated by a flexible drive- 
shaft. Cross-sectional images with 512 x 512 pixels 
and 256 grey levels can be scanned at  maximum 
speed of 16 frames per second. Axial resolution of 
the system is < 0.1mm. The maximum radiums 
scan depth is 9 mm. Acquired physiological signals 
such as ECG and blood pressure can be displayed 
on the screen simultaneously. 
Computer methodology 
The computer analysis ystem has been described 
previously [6]. Briefly, the analysis ystem was de- 
veloped on an IBM compatible PC/AT equipped 
with a DT 2851 framegrabber and a PC mouse for 
manual contour tracing (Fig. 1). The analysis pro- 
cedure consists of three main steps: image acquisi- 
tion, contour tracing and parameter calculation. 
During image acquisition, video signals from a 
standard VHS videotape are converted into 512 x 
512 x 8 bits digital image data with the frame- 
grabber and stored on the hard disk of the PC. 
Manual tracings of the circumferential outline are 
processed by the computer to produce asmoothed, 
connected and closed contour. Parameter calcula- 
tions are automatically performed after the con- 
tour has been completed or modified. 
Boundary tracing 
The contour of the free lumen was obtained by track- 
ing the bright echoes of the internal elastic lamina. In 
the presence of a lesion, the inner boundary of the le- 
sion was traced. For in vivo images containing 
strong backscatter choes from flowing blood, the 
real-time images were reviewed several times on a 
separate videomonitor to identify blood backscat- 
ter echoes, which appeared as spontaneous con- 
trast within the lumen. 
To obtain the measurement of lesion area, the 
contour of the original umen was derived from the 
typical three-layered appearance of a muscular ves- 
sel [7-8]. The original luminal contour overlapped 
the free luminal contour in the region with a normal 
arterial wall. For the region containing a lesion, the 
interface between the lesion and the underlying 
echolucent media was traced to estimate he bounda- 
ry of the original lumen. 
With the traced contours of the free and original 
lumen, the lesion area is simply defined as the re- 
gion enclosed by these two contours. An example 
of tracing the free and original uminal contours is 
given in Fig. 2. 
Parameter calculation 
Both free and original luminal areas were comput- 
ed by counting the pixels enclosed by these con- 
tours. The lesion area was derived by subtracting 
the area of the free lumen from that of the original 
lumen. A mean diameter (d = 2r) of the free lumen 
was defined using a circular model (A = ~rr2). The 
percent area obstruction was derived by the follow- 
ing equation: 
Percent area obstruction =
(original lumen area - free lumen area) x 100 
original umen area 
Calibration was performed by measuring the scale 
markers on the images both vertically and horizon- 
tally and converting the pixels into square millim- 
eters. 
Phantom study 
To test the accuracy of the analysis ystem, three 
phantoms containing water-filled cylinders with 
diameters of 4, 8 and 16 mm were used. The cathe- 
ter was positioned coaxially at the center of the cyl- 
inders. Each of the phantoms was imaged five 
times by the ultrasound system and measured using 
the computer analysis ystem described above. 
In vitro measurements" compared with histology 
Specimens obtained from 16 peripheral arteries 
were embedded in 1.2% agar-agar solution and fil- 
led with purified water. The catheter was placed at 
the center of the specimen and a number of cross- 
sections were obtained from proximal to distal at 
1 mm intervals. The echogram showing the most 
significant lesion was selected for comparative pur- 
poses. Lumen and lesion areas were measured and 
compared with the corresponding histologic data. 
The histologic sections were analyzed using a 
commercially available system (IBAS, Kontron, 
U.S.A.). Lumen and lesion areas were calculated 
from manual tracings of the edges of the lumen and 
the internal elastic lamina. 
In vivo studies compared with angiography 
For comparison with angiography, 18 in vivo echo 
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Fig. 2. Intravascular ultrasound of the superficial femoral rtery 
(left) and the traced contours of the free and original lumen 
(right). The region enclosed by the two contours i  the lesion. 
images were obtained from 8 normal peripheral r- 
teries. For each of 18 arterial cross-sections, echo 
images of early-systole and end-diastole were ana- 
lyzed separately. Mean lumen area was calculated 
from these two measurements and used for the 
comparison. 
Cinefilms acquired at the same arterial position 
were measured using the Coronary Angiography 
Analysis System [9]. The angiographic measure- 
ment of the lumen area was estimated with the 
measured iameter based on a circular model. 
lntra- and interobserver variability study 
Intra- and interobserver variability was studied in 
measurements of 100 in vivo intravascular ultra- 
sound images obtained from 22 patients who un- 
derwent balloon angioplasty of the superficial fem- 
oral artery. 
The study was performed by two independent 
observers. Both observers were instructed to re- 
view the real-time cho images during the contour 
tracing. One of the observers repeated the mea- 
surements one month later. The observer varia- 
tions were analyzed in quantitative assessments of 
lumen area, lesion area and percent area obstruc- 
tion. 
Statistical analysis 
Agreement between the two techniques was as- 
sessed by calculating the mean values and standard 
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men area. 
deviations of the paired differences [10]. Linear re- 
gression with the method of least squares was used 
to calculate the slopes and intercept parameters. 
Observer differences were assessed with the 
mean values and standard deviations of the paired 
differences. The degree of observer variability was 
estimated by standard deviations of the paired dif- 
ferences. 
The significance of the differences for data was 
determined by a paired t-test. A probability value 
of < 0.05 was considered significant. 
Results 
Phantom study 
Accuracy of the analysis system for the phantom 
measurements was very high (mean diameter 
+SD:  3.84+ 0.01 (4ram), 7.97+ 0.04 (8mm), 
and 16.24 + 0.06 (16 ram), respectively). The data 
showed excellent agreement with the dimensions 
of the phantoms. 
Comparison with histology 
The regression equations for data between histol- 
ogy and ultrasound were y = 1.22 x [histology] - 
0.95 for lumen area and y = 0.94 x [histology] + 
0.85 for lesion area (Fig. 3). No significant differ- 
ences in lesion area measurements were noted be- 
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tween the two methods ( -0 .27 + 1.79mm 2, p > 
0.05). However, the mean lumen area obtained by 
histology was 17% smaller than with ultrasound 
( -  5.38 + 5.09 mm 2, p < 0:05, mean of the mea- 
surements: 31.1 mm2). 
Comparison with an~ography 
The regression result of lumen area measurements 
from angiography and ultrasound was close to the 
line of identity (y = 0.95 x [angiography] + 2.07) 
(Fig. 4). Lumen area measurements obtained by 
ultrasound were similar to those with angiography 
( -0 .52+ 5.15mm 2, p> 0.05). 
Intra- and interobserver variability 
Data of observer variability studies in measure- 
ments of lumen area, lesion area and percent area 
obstruction are shown in Figs 5-7, with scatter plots 
of the differences versus the measured mean val- 
ues. For all measurements, no significant observer 
bias (a non-zero mean of the paired differences) 
was present. In both intra- and interobserver dif- 
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ferences, observer variations (standard eviations 
of the paired differences) in lumen area measure- 
ments were relatively smaller than those of lesion 
area measurements (intraobserver: 0.6 mm 2 for lu- 
men area vs 1.1 mm 2 for lesion area, interobserver: 
1.2 mm a for lumen area vs 1.9 mm 2 for lesion area). 
Intra- and interobserver variations in measure- 
ments of percent area obstruction were 2.6% and 
5.6%, respectively. 
Discussion 
In both in vitro and in vivo studies, quantitative as- 
sessment of intravascular ultrasound agreed well 
with histology and angiography except for the 17% 
underestimate in histologic lumen area measure- 
ments. The underestimate byhistology can prob- 
ably be attributed to the fixation and tissue proces- 
sing during histologic preparation of the 
specimens. After this procedure, the shape of the 
vessel lumen may alter and tissue shrinkage occur, 
resulting in a slight decrease in histologic mea- 
surements. For comparison with angiography, it 
should be noted that intravascular ultrasound is a 
tomographic technique and angiography is a sil- 
houette technique. Thus, identical results may only 
be expected in vessels with circular geometry. For 
healthy vessels with almost circular cross-sections, 
no significant differences were found in our com- 
parison study with angiography. 
The images used in the observer variability stud- 
ies were of clinical quality, selected by another clin- 
ical group for assessment of the effect of vascular 
intervention with intravascular ultrasound. The 
aim was to evaluate observer variability under con- 
ditions similar to practical applications. For a 
rough guide of observer variability from our re- 
sults, one may estimate observer variations in per- 
cent with standard eviations of the paired differ- 
ences in relation to their mean measurements. 
Using the means of intra- and interobserver data, 
the percent observer variations for quantitative 
data of lumen area, lesion area and percent area 
obstruction were 5%, 13% and 10%, respectively. 
The repeatability in the quantitative assessment of 
lumen area was very good. The influence of blood 
backscatter choes on determination f the luminal 
contour can be diminished by reviewing the real- 
time images. The higher degree of observer varia- 
tions in lesion area measurements suggests hat it is 
relatively more difficult o determine the boundary 
of the media than the ~trterial lumen. This is intim- 
ately related tothe presence of an advanced athe- 
rosclerotic lesion with partial dropout of far-field 
echoes, and complex wall structure such as rupture 
or dissection of the lesion following intervention. 
Other factors may also affect the accuracy of 
quantitative r sults, including minor differences in
sound velocity between saline and blood [11], 
graphic distortion caused by the mechanical system 
[12] and overestimation f the cross-sectional di- 
mensions due to the off-axis catheter position [13]. 
Of these three factors, the off-axis catheter posi- 
tion seems to be the most serious problem. Al- 
though the angle between the catheter and the arte- 
rial wall was difficult to determine for in vivo 
measurements, our experience inperipheral rtery 
studies howed that, in most cases, the catheter was 
aligned with the normal or minimal diseased part of 
the wall. With straighter peripheral arteries one 
can expect hat alignment allows an approximately 
co-axis catheter position. 
Conclusion 
In the phantom study and the comparison with his- 
tology and angiography, we demonstrated the fea- 
sibility to obtain accurate quantitative assessment 
of lumen, lesion area and percent area obstruction. 
Observer variability in measurements proved to be 
satisfactorily low in terms of analyzing images from 
a new technique. Using our method, quantitative 
analysis of intravascular ultrasound can be used for 
clinical applications such as assessment of vascular 
stenosis and evaluation of therapeutic nterven- 
tion. 
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